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Introduction
Furans are five-membered aromatic heterocycles containing one oxygen atom that are commonly found in many important compounds such as natural products, pharmaceuticals and polymers. 1 Moreover, furans can be utilized as synthetic intermediates to access other useful compounds. [2] [3] [4] [5] [6] The synthesis of this fundamental structural building block has received significant attention and a wide variety of approaches are available to the synthetic practitioner. [7] [8] [9] [10] This review highlights metal-catalyzed furan syntheses that have been reported over the past decade. It is not intended to be exhaustive but rather all of the fundamentally different approaches are covered.
There are two main strategies to the synthesis of substituted furan rings. The first involves the construction of the ring itself, and the second approach is the functionalization of already prepared furan rings. This review focuses exclusively on the former case and includes a few judiciously chosen experimental procedures.
I. Synthesis of Disubstituted Furans
The classical approach to the synthesis of furans is the cyclization of 1,4-diketones mediated by strong mineral acids. This is commonly referred to as the Paal-Knorr reaction. 11, 12 The limited availability of different 1,4-diketones and the requirement for a strong acid are both limitations of this procedure. Accordingly, one-pot procedures for the synthesis of furans via the metal-catalyzed formation of 1,4-diketone intermediates have been developed. For example, Castanet and coworkers have reported the rhodium-catalyzed carbonylative conjugate addition of arylboronic acids to methyl vinyl ketone to generate 1,4-diketones which are then cyclized to furans on addition of acid (Scheme 1).
A host of other approaches to furan synthesis from alkyne containing substrates have been described in the literature. Gevorgyan has been particularly focused on furan formation and his group has produced a number of different approaches to their preparation (vide infra). Starting from alkynyl ketones, they showed that copper(I) iodide efficiently catalyzed the cycloisomerization to furans (Scheme 3). 15 A triethylamine-Cu(I)-catalyzed isomerization of the alkynyl ketone to an allenyl ketone occurs followed by cyclization via attack of the carbonyl oxygen onto the allene. This intermediate undergoes a deprotonation-protonation isomerization into a more stable isomer which then converts into the furan product. Marshall and co-workers reported the Rh(I)-and Ag(I)-catalyzed cycloisomerization of allenyl aldehydes and ketones. 16, 17 Hashmi et al. have also described the palladium-catalyzed cycloisomerization of allenyl ketones into 2,4-disubstituted furans and undertaken significant mechanistic studies. Beller and Dixneuf disclosed a sequential one-pot ruthenium-and copper-catalyzed furan synthesis (Scheme 4). In this protocol, two alkyne molecules and an alcohol are combined under ruthenium catalysis to generate a 1,3-dienyl ether, in just five minutes. This is converted into the ketone by the acid and then cyclized to the furan by the copper(II) salt; only symmetrical furans can be prepared by this route. Liang and co-workers reported a gold-catalyzed approach to furans from 1-oxiranyl-2-alkynyl esters and a range of nucleophiles including alcohols, furans and pyrroles (Scheme 5). 19, 20 The reaction is proposed to proceed through activation of the alkyne by the gold species followed by nucleophilic attack by the epoxide oxygen with either pre-or post-opening of the three-membered ring with water. Protiodeauration and aromatization through loss of acetic acid provides the furan ring which loses water by gold catalysis to generate a carbocationic intermediate which is trapped 6 by a nucleophile. This reaction was shown to have a reasonably wide substrate scope and it generally works quite well; however, the synthesis of the starting materials is lengthy. 
Scheme 7
Sauthier, Castanet and co-workers developed a rhodium-catalyzed carbonylative additioncyclization approach to furans formed by a dehydrative cyclization of in-situ generated hydroxy enones (Scheme 8). 34 This reaction was shown to work well apart from with substrates containing aryl groups bearing ortho or meta substituents; presumably unfavorable steric interactions are to blame here.
Scheme 8
An interesting study was reported by Skrydstrup and co-workers on the gold(I)-catalyzed synthesis of furans by the hydration of 1,3-diynes and subsequent cyclization (Scheme 9). 35 A more recent study into this process has been undertaken by Nolan using his Au(IPr)OH precatalyst. 36 Experimentation has shown that only one alkyne is hydrated before cyclization occurs.
Scheme 9
Donohoe and co-workers reported a ring-closing metathesis approach to the construction of furans using Grubbs' second generation catalyst (Scheme 10). 37 The cyclization is shown to occur in moderate yields for all of the reported examples, however when R 2 = CF 3 no reaction occurs and the preparation of the diene substrates requires three steps. Attempts to obtain trisubstituted furans by this method were less successful with one reaction failing and a second providing only a low yield of product. 
Scheme 10
An alternative approach to furan synthesis from hex-2-enopyranoside derivatives was disclosed by Shaw and co-workers. 38 Inexpensive D-glucal can be converted in several steps into substituted hex-2-enopyranosides which can be rearranged to furans upon treatment with catalytic zirconium chloride and zinc iodide (Scheme 11). The authors do not propose a mechanism, but a Lewis acid catalyzed ring-opening ring-closing aromatization sequence seems likely. While this appears to be an inexpensive and efficient route to enantiomerically pure furan derivatives, a relatively large number of synthetic steps are required. 
Scheme 12
However, the most popular synthetic routes to trisubstituted furans are metal-catalyzed cyclizations and cycloisomerizations. For example, Nishizawa and co-workers reported the mercury triflate catalyzed 5-exo-dig cyclization of 1-alkyn-5-ones (Scheme 13). 40 This reaction works very well however mercury triflate is very toxic and only substrates bearing terminal alkynes can be used. The presence of internal alkynes leads to mixtures of products being formed.
A lone example of such a substrate with an internal alkyne cyclizing to a furan catalyzed by PdCl 2 has been reported.
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Scheme 13
The use of gold-catalysis has been shown to overcome the limitation of the requirement for a terminal alkyne in this process. Krause demonstrated the utility of a gold(I) catalytic system in this regard and prepared a range of di-, tri-and tetrasubstituted furans from internal alkynes. 42 Rodríguez and Moran demonstrated that gold(III) chloride in refluxing methanol is suitable for the cyclization of a range of propargylic substituted β-ketoesters (Scheme 14). 43 The mechanism of this cycloisomerization is proposed to proceed through alkyne activation by Au(III) and subsequent 5-exo-dig intramolecular attack by the ketone oxygen to form a zwitterionic intermediate. Protodemetalation regenerates the gold catalyst and releases the heterocycle which isomerizes to the furan product. A related indium triflate catalyzed cyclization has also been reported.
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Scheme 14
AuCl 3 catalyzed synthesis of methyl 5-benzyl-2-methylfuran-3-carboxylate. Typical procedure. Han and Widenhoefer disclosed the palladium-catalyzed oxidative cyclization of α-allyl-β-diketones to furans (Scheme 15). 45 The mechanism of this process is proposed to proceed through alkene activation by Pd(II) and subsequent intramolecular attack by the ketone oxygen to presumably afford a palladium sigma complex. β-Hydride elimination releases the heterocycle which isomerizes to the furan. The Pd(0) is then re-oxidized to Pd(II) by the CuCl 2 . There are several interesting features of this process. First, for unsymmetrical diketones complete regioselectivity was observed when R 1 was alkyl and R 2 was aryl. Second, α-homoallyl-β-diketones and α-bis-homoallyl-β-diketones also undergo cyclization to furans. The authors propose that palladium-catalyzed olefin isomerization occurs prior to the cyclization event.
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A flask was charged with methyl 2-acetyl-5-phenylpent-4-
Scheme 15
Saito et al. developed a similar 5-exo-dig cyclization/allylation process catalyzed by palladium but with alkynes instead of alkenes (Scheme 16). 46 In this case, β-hydride elimination is not possible and a reductive elimination occurs instead. The substrate scope tested was somewhat limited and substituted allyl carbonates were shown to lead to mixtures of products.
Scheme 16
Dembinski et al. reported the gold(I)/silver catalyzed synthesis of 3-fluorofurans through a 5-
endo-dig cyclization (Scheme 17)
. 47 The α-fluoroketone substrates are prepared by fluorination of the tert-butylsilyl enol ether of the corresponding aryl(alkyl)-3-yn-1-ones. This procedure compares very favorably to other methods to prepare fluorinated furans as Selectfluor is used as the fluorine source rather than Freon gas (CBr 2 F 2 ). 
Scheme 17
The cyclization of propargylic oxiranes with AuCl 3 in acetonitrile was reported by Hashmi and co-workers in 2004. 49 More recently, Yoshida et al. developed superior conditions for this process with PtCl 2 in a 2:1 mixture of dioxane and water at 100 o C (Scheme 18). 50 A notable feature of this reaction is that it is completed within ten minutes. The reaction mechanism is proposed to involve activation of the alkyne by Pt(II), followed by attack of the epoxide oxygen. Aromatization and protiodemetalation then furnish the furan product. 
Scheme 18
More recently, Kang and Connell reported an indium chloride catalyzed cycloisomerization of propargylic oxiranes (Scheme 19). 51 Indium chloride is a Lewis acid and the mechanism of furan formation is quite different from that with PtCl 2 . The authors propose that the InCl 3 activates the epoxide leading to formation of a zwitterionic allene species which undergoes a 1,3-hydride shift followed by cyclization and loss of InCl 3 . The reaction works very well for all of the substrates tested, however the scope was insufficiently studied. 
Scheme 19
The cyclization of 2-(1-alkynyl)-2-alkene-1-ones has attracted considerable attention in the literature with a variety of metal salts being used as catalysts for this process, namely Au, 52, 53 Cu, 54 Pd 55 and Pt. 56 Li et al. reported a one-pot Pd/Cu-catalyzed Sonogashira coupling/cyclization variation of this process. 57 In addition, Toste and co-workers have developed an enantioselective copper(II)-catalyzed version of this reaction (Scheme 20). 58 Mechanistic studies suggested that the active catalyst is a copper-indole complex which activates the alkyne to attack from the carbonyl oxygen. The chiral anionic phosphate ligand, either attached to copper or not, then directs intramolecular addition of an indole group to the carbocation with selectivity for one face. The products are generated in very good yields and enantioselectivities, however the reaction is limited to the use of indoles as nucleophiles.
Scheme 20
Zhang and Schmalz developed a Au(I)-catalyzed cyclization/ring-opening process with 1-(1-alkynyl)cyclopropyl ketones to generate furans in very good yields (Scheme 21). 59 The authors proposed two possible mechanisms, the first (A) involving initial furan formation with concomitant cyclopropyl ring opening followed by nucleophilic attack on the resulting carbocation, and the second (B) involving nucleophilic cyclopropyl ring opening followed by cyclization to the furan; protiodeauration then furnishes the products. 
Scheme 22
Oh and co-workers have also described a gold-catalyzed polycyclization of enynals to furans (Scheme 23). 61 The mechanism of this reaction is believed to involve activation of the alkyne by the gold complex and nucleophilic attack by the carbonyl oxygen. Then, electron redistribution is . 62 The authors propose that the reaction proceeds through formation of a copper carbene complex which reacts with the ketone to generate a carbonyl ylid which undergoes cyclization through alkyne activation by the CuI, and subsequent aromatization and protiodecupration to produce the furan. Although this reaction works very well in many cases, the diazoacetate has to be added to the reaction mixture at 90 o C via syringe pump over five hours. t
Scheme 24
The Ma research group has been interested in the rearrangement of cyclopropenes into furans and has reported the use of Pd, Ru and Cu catalysts toward this end. 63, 64 Starting from the same starting materials, Pd and Ru catalysts were shown to lead to the formation of 2,3,5-trisubstituted furans (Scheme 25a) whereas Cu catalysis led to the construction of 2,3,4-trisubstituted furans (Scheme 25b). The authors rationalized this different reactivity profile by suggesting that chlororuthenation occurs with the chlorine attacking the least substituted carbon of the alkene, whereas in the copper-catalyzed process, cupration occurs with formation of the most stable carbocation. These intermediates then undergo ring-opening followed by ring-closing and loss of the metal to generate the furan products. The substrate scope for each reaction was well studied and the experimental procedures are operationally simple. 
Scheme 25
Representative procedure for the Ru-catalyzed protocol. 
Ma and co-workers have also demonstrated the Pd(II)-catalyzed rearrangement of alkylidenecyclopropyl ketones to furans (Scheme 26)
. 65 The proposed mechanism for this transformation involves iodopalladation of the alkene followed by ring-opening to generate a palladium enolate. This then undergoes an unusual ring closure by nucleophilic addition to the allyl iodide followed by isomerization to the furan. This mechanism is supported by the fact that the reaction proceeds in a similar fashion with just catalytic sodium iodide, i.e. with no palladium source; however, the reaction is not as clean in this case.
Scheme 26
Further research from Gevorgyan has concentrated on the synthesis of furans through allene starting materials or intermediates. Key to this work is the 1,2-migration of a variety of functional groups, namely sulfide, 66 selenide, 67 halide, 68 alkyl and aryl moieties. 69 Despite the apparent similarity of these processes they proceed via different mechanisms. The cycloisomerization of the sulfur and selenium substrates was shown to be efficiently catalyzed by CuI; however, the latter (selenium) required reflux temperature whereas the former (sulfur) occurred at room temperature (Scheme 27). The postulated mechanism proceeds through a propargyl-allenyl isomerization which then undergoes a thermally-induced and Cu-catalyzed 1,2-migration of the sulfur or selenium group. Finally, ring closure occurs to generate the furan.
Scheme 27
The Cu-catalyzed cycloisomerization of allenyl ketones bearing substituents other than sulfur and selenium was inefficient. However, it was found that a range of Lewis acids catalyzed the 1,2-shift of alkyl and aryl groups by a similar mechanism. 69 For haloallenyl ketones, AuCl 3 was determined to be the catalyst of choice for the transformation, but a different mechanism was delineated (Scheme 28). 68 In this case, the distal allene π-bond is activated by the gold complex and the carbonyl oxygen attacks to form an oxonium/carbenoid intermediate which undergoes 1,2-or 1,5-halogen migration and loss of gold to generate the product. The mechanism of this process was investigated by DFT calculations. 70 A variety of di-, tri-and tetrasubstituted furans were prepared by this method in moderate to excellent yields.
Scheme 28
Gevorgyan has also demonstrated the Cu-catalyzed formation of furans through a formal 1,2-acyloxy group migration in propargyl acetates (Scheme 29). 71, 72 The mechanism proceeds through a propargyl-allenyl isomerization followed by intramolecular conjugate addition of the acyl group to form a dioxolenylium intermediate. Cyclization to the furan re-generates the copper catalyst. 
Scheme 30
Wang and co-workers have developed a Ru-catalyzed rearrangement of allenyl sulfides to furans (Scheme 31). 73 The proposed mechanism involves cyclization of the sulfur onto the allene followed by ring opening to generate a Ru-alkylidene species, which re-cyclizes and then loses the metal to form the furan. The authors went on to show that the synthesis of the allenyl sulfide substrates and the subsequent cycloisomerization can both be catalyzed in a one-pot tandem process.
Scheme 31
III. Synthesis of Tetrasubstituted Furans
The cycloisomerization of 2-en-4-yn-1-ols has garnered significant attention and a number of catalytic systems have been reported based on Ru, 74, 75 Pd 76 and Au. 77 Notably, Liu and co-workers prepared a range of substituted furans including eight tetrasubstituted examples using goldcatalysis (Scheme 32). 78 In 
Scheme 32
Zhang and co-workers have reported a number of papers concerned with the utility of 2-(1-alkynyl)-2-alken-1-ones in synthesis, including a three-component furan synthesis by a Pd(II/IV)-catalytic cycle utilizing diaryliodonium salts (Scheme 33). 80 The mechanism is postulated to involve nucleophilic attack of the carbonyl oxygen onto the Pd(II)-activated alkyne followed by addition of the alcohol nucleophile. The furanylpalladium(II) intermediate is then envisaged to be oxidized to Pd(IV) by the diaryliodonium salt. Subsequent reductive elimination yields the product and re-generates the Pd(II) catalyst. This reaction allows for the facile access to a range of tetrasubstituted furans in good yields. The role of the CuI is unclear but yields are lower without it.
Other results from the Zhang group have demonstrated a related Pd-catalyzed tetrasubstituted furan synthesis from the reaction of 2-(1-alkynyl)-2-alken-1-ones with nucleophiles and allylic chlorides.
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Scheme 33
The cyclization of propargyl vinyl ethers has also received considerable attention with several different metal catalysts being utilized for the preparation of furans, including Cu 83, 84 and Au. 85, 86 Jiang has recently published an Fe-catalyzed process which generally gives good yields of furans and requires a relatively inexpensive catalyst (Scheme 34). 87 The authors presented a one-pot process whereby DABCO, or tributylphosphine, catalyzed the addition of propargyl alcohols to activated alkynes and the resulting propargyl vinyl ethers were cyclized to the furan by the iron catalyst. The iron species activates the alkyne to nucleophilic attack from the alkene, and the subsequent heterocycle collapses to form an allene intermediate which re-cyclizes to give the furan after loss of the metal and aromatization. 
Scheme 34
Representative procedure: synthesis of 4-benzoyl-5-phenylfuran-2-carbaldehyde. 87 4, 177.5, 159.8, 150.3, 137.0, 133.6, 130.7, 129.7, 128.7, 128.6, 128.2, 128.1, 123.7, 122.7 Zhang and co-workers have reported the Rh-catalyzed rearrangement of 1-(1-alkynyl)oxiranyl ketones to furans which proceeds through an unexpected C-C bond cleavage (Scheme 35). 88 The authors propose two mechanisms for this process. The first involves oxidative addition to the epoxide followed by cycloisomerization, carbon monoxide insertion and reductive elimination.
A solution of 1,3-diphenylprop-2-yn-1-one (
The second involves cyclization of the ketone onto the activated alkyne followed by epoxide C-C bond cleavage, carbon monoxide insertion and reductive elimination. Evidence for and against either pathway was not presented; nonetheless, this appears to be a useful process. 
Scheme 35
Cadierno, Gimeno and co-workers have developed a one-pot Ru-catalyzed propargylationcycloisomerization approach to furan synthesis (Scheme 36). 89, 90 Half an equivalent of trifluoroacetic acid was required for efficient reaction. This transformation was shown to work well for a range of substrates, but limited to 1-arylpropargyl alcohol derivatives. 
Scheme 36
An impressive related strategy was recently reported by Jiang and co-workers whereby alkynoates reacted with 1,3-dicarbonyls to furnish furans (Scheme 37). 91 The reaction required Barluenga and co-workers have shown that bis-propargylic esters rearrange to enynones upon addition of Cu(I) catalysts, which subsequently cycloisomerize to copper(I) 2-furylcarbene complexes (Scheme 38). 92 These complexes react with silanes and germanes to generate furans in very good yields. The copper carbene intermediates can also be oxidized by air to generate ketones or reacted with ethyl diazoacetate to form alkenes. The substrate scope and functional group tolerance of this reaction was well studied. 
Scheme 38
Ma and co-workers disclosed the Pd(0)-catalyzed rearrangement of alkylidenecyclopropyl ketones to furans. This process is quite different to the Pd(II)-catalyzed process discussed earlier as no sodium iodide is required and tetrasubstituted furans are generated from the same starting materials (Scheme 39). 65 This transformation is proposed to proceed via oxidative addition to the cyclopropane to generate a palladacyclobutane intermediate. Rearrangement leads to an allylic palladium enolate species which undergoes reductive elimination, followed by isomerization, to furnish the furan ring. Unfortunately, the reported substrate scope is somewhat limited. 
Scheme 39
Li and Hsung developed a Rh-catalyzed synthesis of 2-amidofurans utilizing a cyclopropenation reaction of ynamides (Scheme 40). 93 Upon formation of the cyclopropene, a rearrangement occurs to generate the furan. The reaction works well for a range of ynamides and diazo compounds derived from 1,3-dicarbonyl compounds. The reaction was also found to be effective with the corresponding iodonium ylids in place of the diazo compounds. In these cases, the reactions were run at room temperature and in dichloromethane; however, yields were generally lower. Although the authors could not obtain proof for cyclopropene intermediates, the reaction can be considered to be a formal [3+2] cycloaddition. Further work by Gevorgyan and co-workers has demonstrated the rearrangement of alkynyl ketones to provide tetrasubstituted furans in very good yields (Scheme 41). The reaction was shown to work with Ag(I), Cu(II) and Au(III) catalysts and the mechanism was determined to be quite complicated, but considerable mechanistic studies were undertaken. Simply viewed, the metal activates the alkyne allowing a [2, 3] -rearrangement of the acyl group to generate a metalalkylidene intermediate which cyclizes to the furan. Substrates with phosphate and tosyl groups in place of acyl were also found to be effective in the reaction. t
Scheme 41
A novel Pd-catalyzed oxidation/cyclization of alkynes to generate furans has been reported by Jiang and coworkers (Scheme 42). 94, 95 The reaction was shown to work well for the preparation of tetra-arylsubstituted furans; however, a statistical mixture of products was formed when two different alkynes were used. The study was also limited to the use of symmetrical alkynes. The authors did not propose a mechanism for this reaction. Overall, this is a nice process but it is severely limited. 
